We have recently introduced an immobilization protocol for preparations of enzymes on 12 fumed silica for catalysis in organic solvents. The observation of a maximum in apparent 13 catalytic activity at intermediate surface coverage for one enzyme while another enzyme showed 14 continuously increasing apparent catalytic activity with decreasing surface coverage led to 15 speculation on the impact of surface coverage on apparent catalytic activity through different 16 relative surface-protein and protein-protein interactions, combined with different "hardness" or 17 resistance towards unfolding by the enzymes. The kinetics of tertiary unfolding of Candida 18 antarctica Lipase B (CALB), subtilisin Carlsberg, and the Lipase from Thermomyces 19 lanuginosus (TLL) adsorbing on fumed silica nanoparticles were inferred here from tryptophan 20 fluorescence for 2%SC to 1250%SC, 0.5 mg/mL to 4.70 mg/mL enzyme concentration in 21 aqueous buffer solution, and in the presence of the structural modifiers 2,2,2-trifluoroethanol 22 (TFE) and Dithiothreitol (DTT). The results shown here confirm the earlier speculation that 23 2 "hard" enzymes can perform well at low and intermediate surface coverage of the solid fumed 24 silica particles until multi-layer packing imposes mass transfer limitations, while "soft" enzymes 25 unfold at low surface coverage and therefore show a maximum in catalytic competency at 26 intermediate surface coverage before declining apparent activity is caused by multi-layer 27 packing. 28 29
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Introduction 35
The synthesis of organic compounds often requires non-aqueous media due to solubility and 36 stability issues, and undesirable side reactions in the presence of water [1] [2] [3] [4] [5] [6] [7] . Many chemical 37 synthesis schemes require multiple steps and may involve toxic inorganic catalysts as well as 38 generate undesirable by-products [8, 9] . One avenue to overcome the issues with chemical 39 synthesis has been the extension of enzymatic catalysis in aqueous media to non-aqueous media 40 exploiting the exquisite regio-and stereo-selectivity of enzymes [2, 5, 10] in addition to the fact 41 that enzymatic catalysts are generally renewable and non-toxic. However, poor enzyme 42 solubility in solvents [11] generally requires to either solubilize the enzyme or immobilize it on a 43 solid support [12-18] to avoid mass transfer limitations for the desired reaction. There has been 44 an increasing interest in the immobilization of enzymes on nanoparticles due to their unique 45 properties including the extremely large surface area per mass [19] . 46 We have recently introduced an immobilization protocol with an inexpensive nanostructured 47 support [16] [17] [18] . Fumed silica is a fractal aggregate that consists of individual spherical non-48 porous nanoparticles linked in necklace-like structures [20] [21] [22] . This material has proven to be an 49 exceptional adsorbent for proteins and polymers [23] [24] [25] . In our two-step immobilization 50 protocol, the enzyme molecules are first physically adsorbed on fumed silica in an aqueous 51 buffer. The adsorbate is then lyophilized. We have previously considered subtilisin Carlsberg 52
and Candida antarctica Lipase B (CALB) to assess our immobilization protocol, alterations in 53 physical properties, and the impact on the catalytic competency. These enzymes were chosen due 54 to their wide range of applications in nonaqueous media. The maximum observed catalytic 55 activity in hexane reached or even exceeded commercial immobilizates of CALB [13] [14] [15] and 56 what has been termed "salt-activated" preparations for s. Carlsberg [26, 27] . CALB is a 57 monomeric 317 residue protein [28] with five tryptophan (Trp52, Trp65, Trp104, Trp113 and 58 Trp155) nine tyrosine, and ten phenylalanine residues, which can be monitored to follow 59 conformational changes [ reported by the manufacturer), ultrapure Guanidine Hydrochloride (GdmCl), 2,2,2-137 trifluoroethanol (TFE), and dithiothreitol (DTT) were from Sigma-Aldrich (St. Louis, MO), and 138 used as received. Glass vials (24 mL screw-capped, flat-bottom) were used to prepare the 139 enzyme-fumed silica suspensions. 140
Unfolding of Enzymes by GdmCl in Aqueous Buffer Solution 141
The intrinsic fluorescence spectroscopy method to detect unfolding was tested for reference 142 with the powerful denaturant GdmCl in aqueous buffer solution. Unfolding relocates Trp 143 residues [45, 46, 55, 57] which is detectable by fluorescence spectroscopy. Crude enzyme was 144 weighed in a glass vial and 10 mM monobasic phosphate buffer (0.5 to 4.7 mg enzyme/mL, 145 adjusted to pH 7.8 by KOH) containing GdmCl with final concentrations in the range of 1M to 146 8M was added followed by vortexing for about 30 seconds. Trp is excited at 288 nm. At least 147 five scans were performed and averaged for each sample. Unfolding was monitored in a quartz 148 cuvette (3mm pathlength; Starna Cells, Atascadero CA) by collecting the emission spectrum 149 from 300 to 500 nm (Cary Eclipse spectrofluorimeter, Varian, Cary, NC, 25°C). Excitation and 150 emission bandpasses were set at 5 nm. Maximum emission intensity (I max/em ) and maximal 151 emission wavelength (λ max/em ) were extracted from the spectra. 152
Two phenomena have been identified for globular proteins undergoing unfolding initiated by 153 changing from low to high concentrations of GdmCl: 1. Decrease in I max/em and 2. shifting of 154 λ max/em towards the red through exposure of the Trp residues to the buffer [54, 55, 58] . 
Unfolded Fraction Inference for GdmCl Unfolding in Aqueous Buffer Solution 169
The unfolding data in the presence of GdmCl can be normalized to define an unfolded fraction 170 (φ) as follows [45, 46] : 171
where φ GdmCl is the unfolded fraction (0, native; 1, completely unfolded). (Fig. 2) . Similar calibration curves were prepared for other enzyme concentrations 181 as well as for the other enzymes under study. 182
No significant changes in λ max/em were detected for s. Carlsberg, which limits the application 183 of this approach for monitoring unfolding under the conditions of our buffer solutions (data not 184 shown). 185
Baseline for Kinetic Experiments 186
Buffer only (no enzyme) and nanoparticles in buffer (no enzyme), as well as enzymes in buffer 187
were served as the controls at typical concentrations. These solutions showed no time-dependent 188 change in intensity over 40 minutes as expected [45, 46] leading to the conclusion that all 189 changes with time were attributable to changes in the enzyme molecules introduced by 190 interaction of enzymes, nanoparticles, and added chemicals. 191
Kinetics of Tertiary Conformational Changes of Enzymes Interacting with Fumed Silica 192
The time evolution of the tertiary conformational changes of enzymes interacting with fumed 193 silica nanoparticles were monitored by following the emission intensity of Trp residues at a fixed 194 wavelength. Crude enzymes (i.e., CALB, s. Carlsberg and TLL) were weighed in a glass vial 195 and 10 mM monobasic phosphate (adjusted to pH 7.8 by KOH) was added followed by vortexing 196 for about 30 seconds. Fumed silica was then added and vortexed until visually homogeneous 197 suspensions were formed (about 30 seconds) as described elsewhere [16] [17] [18] . Table 1 
where φ FS is the instantaneous unfolded fraction for enzymes in the presence of fumed silica 
.). 215

Regions of Tertiary Conformational Stability: 3D Filled Contour Plots 216
Enzyme solutions of CALB and s. Carlsberg at concentrations of 0.5, 0.7, 3.30, and 4.70 217 mg/mL were mixed with nanoparticles to form adsorbates with different %SC according to Table  218 1. For TLL 0.5, 0.7, and 3.30 mg/mL were explored. Each suspension was monitored over about 219 40 minutes for changes in the tertiary structure via spectrofluorimetry (above). The final 220 equilibrium values for deformation (as a function of total enzyme molecules present) for each 221 enzyme are plotted as the elevation (z-direction) of contour plots where the y-axis is the 222 concentration of enzyme in the solution at the beginning of preparing the adsorbate and the 223 horizontal x-axis represents the expected %SC by the enzyme molecules in the obtained 224 adsorbates (Table 1 ). Fig. 3 shows the deformation data for CALB on fumed silica as an example 225 to introduce this type of plot. A total of 20 data points for CALB and s. Carlsberg, and 15 points 226 for TLL were used to develop contour plots (see below). An inverse-distance algorithm 227 (SigmaPlot) was used to interpolate. 
238
Deviations from the linear behavior and beyond this error limit can be, therefore, attributed to 239 structural changes. 240 The amount of fumed silica added was decreased even further to form adsorbates with 277 400%SC (Fig. S2 in Supporting Information) .
Regions of Tertiary Conformational Stability for Enzyme/Fumed Silica Adsorbates 284
A general view of tertiary conformational stability for the three hydrolases adsorbing on fumed 285 silica was obtained by conducting multiple unfolding experiments for various surface coverages 286 and enzyme concentrations according to Table 1 . (Fig. 5) . The catalytic competency of these 295 lyophilized adsorbates in hexane [16] is schematically shown in the inset (Fig. 5) . The three 296 (Fig. S3) , corroborating that s. 311
Carlsberg shows high catalytic competency at low surface coverage which would denature 312 CALB. A similar diagram for TLL is shown in Fig. S4 in Supporting Information. TLL exhibits 313 three regions of conformational stability similar to the enzymes discussed above. Region I, 314 however, has only partially altered enzyme conformations as evident from a maximum φ FS value 315 of 0.6. This is perhaps not surprising for the enzyme with the least tendency to denature of the 316 three considered here. This finding also further supports the proposed relationship between the 317 inherent conformational stability of enzyme molecules and their tendency to undergo 318 conformational changes upon contact with solid surfaces. While "soft" enzymes require 319 intermediate surface coverage to stabilize them, "hard" enzymes exhibit well maintained 320 structures already at low surface coverage. 321
In summary, our findings confirm the critical role that the surface area availability plays by 322 defining the physical arrangement of the enzyme molecules on the surface of the nanoparticles. 323
Additionally, visualizing conformational stability regions as a function of the surface packing 324 density and further correlation with activity data can be facilitated with the aid of the 3D contour 325 diagrams introduced here. 326
Impact of Tertiary Structure Modifiers for Enzymes Interacting with Fumed Silica in Aqueous 327
Solution 328
Tertiary structure modifiers (2,2,2-trifluoroethanol (TFE) and Dithiothreitol (DTT)) can be 329 added prior to adsorption on fumed silica to gain more insight into the type of intermolecular 330 interactions predominating during the adsorption process. TFE induces structural changes in 331 hydrophobic protein segments while DTT reduces disulfide bonds to the unbounded thiols. The 332 time dependent conformational changes of the three enzymes in the presence of 30% (v/v) TFE 333 for adsorbates with a 100%SC is shown in Fig. 6 panel A. Addition of TFE to both s. Carlsberg 334 and TLL resulted in increased initial values of deformation (data in the absence of TFE is 335 superimposed in Fig. 6 panel A) . The shape of the absorbance changes for these two enzymes 336 were similar to those in the absence of TFE, i.e., logarithmic for s. Carlsberg and linear for TLL. 337
Overall, the extent of denaturation substantially increased over the initial values (40% and 30% 338 for s. Carlsberg and TLL, respectively). This most likely indicates that the disrupting 339 intramolecular contacts hasten denaturation, suggesting that these contact regions are responsible 340
for stabilizing the structures of these two enzymes. 341
The initial impact of TFE on CALB unfolding was essentially negligible and some refolding is 342 observed, likely due to the different content of groups in CALB that interact strongly with TFE. 343
The presence of DTT showed no significant impact on the time-course and extent of unfolding 344 for s. Carlsberg and TLL (Fig. 6 panel B) . This is most likely due to the absence of thiol 345 sensitive disulfide bonds. CALB, on the other hand, contains DTT-sensitive disulfide bridges 346 and showed decreased initial and equilibrium unfolding values (Fig. 6 panel B) . The exposed 347 residues are then available for interaction with the nanoparticles. This further supports the notion 348 that increased interactions lead to repression of dynamism and ultimately to less opportunities for 349 continued unfolding. This could also explain why the observed DTT-disrupted CALB unfolding 350 pathway resembles those of the "hard" enzymes. The exposure of regions suitable for interaction 351 with the surface is therefore likely to occur more gradually in the presence of DTT. 352
Regions of Conformational Stability for Enzyme/Fumed Silica Adsorbates in the Presence of 353
Structure Modifiers 354
Fig. 7 panel A shows that the region III originally observed for CALB was destabilized by 355 TFE. It is likely that groups exposed by TFE facilitated additional opportunities for unfolding by 356 increasing the affinity towards the hydrophilic solid surface. The unfolding extent in this region 357 increased by nearly 50% with respect to the absence of TFE (Fig. 5) . 358 As the enzyme concentration increases, the extent of unfolding also increases at both low and 366 high surface coverages (upper part of regions I and III in Fig. 7 panel B) . The accessibility of 367 DTT to the enzyme at high enzyme concentrations is likely to be compromised by the crowding 368 of enzyme molecules. This leads to a behavior resembling that of the enzyme molecules in the 369 absence of DTT. 370
A similar study with structural modifiers was conducted for s. Carlsberg. As in the case of 371 CALB, the exposure of hydrophobic groups leads to a substantial loss of conformational stability 372 at high surface coverages (data not shown). Due to the tightly packed structure of s. Carlsberg, 373 the exposure of hydrophobic groups is rapid. This led to a relatively higher net unfolding than 374 that observed for CALB in this region. Below 100%SC, unfolding was reduced when compared 375 with the enzyme in the absence of TFE. This could be also a direct consequence of the rapid 376 initial unfolding. Once fully extended binding is promoted at the outset of the experiment, the 377 unfolded enzyme molecule's structure is rapidly attached to the abundant solid surface area 378 provided in this region. No additional opportunities are present that would allow for further 379 unfolding. The case of DTT-induced conformational changes for s. Carlsberg is very different. 380
Due to the lack of open moieties on the structure suitable for reduction, no major changes were 381 observed and the regions of stability remained essentially unaffected (data not shown). 382
383
Conclusions 384
We have shown evidence that the extent of tertiary conformational changes of three hydrolases 385 adsorbed on fumed silica is mainly dependent on the density of the surface covered by the 386 enzyme molecules, which is described here as a nominal surface coverage (%SC), and the 387 inherent conformational stability and dynamics of the enzyme molecules ("hardness"). At low 388 %SC, the unfolding pathway of CALB, a "soft" enzyme, on fumed silica showed continuous 389 unfolding/refolding events. This was attributed to CALB's conformationally dynamic and 390 fluctuating structure. "Hard" s. Carlsberg and TLL, in contrast, exhibited approximately linear 391 unfolding with time which was attributed to their higher inherent conformational stabilities. 392
When moving to high %SC, the unfolding pathways exhibited fewer fluctuations due to 393 stabilizing protein-protein interactions. 394
Three regions of conformational stability were identified for the three hydrolases at 395 equilibrium with the aid of 3D conformational diagrams: I. a region at low % SC where 396 adsorbates of "soft" CALB exhibited low conformational stability most likely due to multi-point 397 attachment to the surface, II. a region of transitional stability at an intermediate %SC 398
(~200%SC), and III. a region of high stability at high %SC where protein-protein interactions 399 exert a stabilizing effect. These regions correlated well the observed apparent catalytic activity in 400 hexane. The low stability region correlated well with poorly active preparations due to 401 denaturation for "soft" CALB, the transitional region with an optimal in activity, and the high 402 stability region with low CALB catalytic activity due to mass-transfer limitations. In the case of 403 "hard" s. Carlsberg, resilience to denaturation at low %SC when compared to CALB explained 404 the constantly increasing apparent catalytic activity observed in this surface loading regime. 405
Details of the structural interactions were further resolved by adding TFE and DTT to the 406 adsorbing mixtures. TFE exposed hydrophobic segments that for all enzymes appeared to help to 407 stabilize the structure in the "crowded surface" Region III. In the sparsely populated surface 408
Region I, the maximum extent of unfolding for both CALB and s. Carlsberg was reduced. This 409 was explained by lower content of interacting groups for CALB and by a rapid attachment of the 410 rigid unfolded state for s. Carlsberg. The addition of DTT to CALB's adsorbing mixtures 411
showed no significant impact in the unfolding levels in the lower part of region III, which 412 confirmed that protein-protein interactions outweigh surface-protein interactions in this region. 413
Upon DTT-induced disruption, Region I showed less unfolding most likely due to a gradual 414 attachment of the very flexible unfolded state of CALB. This was corroborated with unfolding 415 pathways that resemble those of "hard" enzymes. 416
The complex enzyme/solid interactions in regard to catalytic activity that were investigated 417 here can be used to rationalize and optimize catalysis with enzymes in solvents. The conclusion 418 that for "soft" enzymes there is an optimum enzyme/surface area ratio for immobilization while 419 there is not for "hard" enzymes appears not obvious. 420
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Tables 587 Table 1 592 % = * 100
Equation 3 593
The projected area of enzyme is calculated assuming a spherical shape for the enzyme molecules. GdmCl. Decrease in the maximum emission intensity (I max/em ) of Trp residues due to GdmCl-602 induced denaturation is shown in the inset. y-error bars represent the standard error of multiple 603 analyses of identical samples. Enzyme concentration was maintained at 0.5 mg/ml and pH 7.8. 604 buffer. The tryptophan emission was monitored at 330 nm. Measurements were carried out at 606 enzyme concentration of 0.5 mg/mL and pH 7.8. Similar calibration curves were obtained for s.
607
Carlsberg and TLL (data not shown). 608 Fig. 3 . Unfolding data for CALB on fumed silica (z-axis) as a function of initial enzyme 609 concentration (y-axis) and nominal surface coverage (x-axis). These data will be shown in 3D 610 contour plots to identify regions of conformational stability and to subsequently correlate them 611 with the surface loading regimes previously postulated for the lyophilized adsorbates. 612 with the corresponding calibration curves and subsequently expressed as unfolded fraction. 615
Enzyme concentration was maintained at 0.5 mg/mL and pH at 7.8. 616 Region III delimited by a short-dash-dot line where adsorbates have highly stable 620 conformations. The presence of these two regions is likely to be responsible for the observed 621 catalytic activity (r 0 ) of the lyophilized adsorbates in hexane (inset). The low catalytic activity 622 observed at low %SC can be linked to Region I. Even though the structure is well preserved in 623
Region III, multi-layer packing is likely responsible for diffusional limitations of catalysis. The 624 maximum in activity between those two regions can be attributed to an optimal arrangement on 625 the surface where the structure is relatively well maintained without excessive clustering 626 (Region II, delimited by a dotted line). 627 curves and subsequently expressed as unfolded fraction. Enzyme concentration was maintained 633 at 0.7 mg/mL and pH at 7.8. 634 nanoparticles to obtain a nominal surface coverage of 400%SC. Data is normalized with the 656 corresponding calibration curves and subsequently expressed as unfolded fraction using Equation 657
2. Enzyme concentration was maintained at 0.5 mg/mL and pH at 7.8. 658 Region I and III of low and high conformational stability, respectively. In this case, the catalytic 661 activity (r 0 ) of the lyophilized adsorbates in hexane (inset) is constantly increasing. As opposed 662 to CALB, only partially unfolded enzyme molecules are present in the lower part of Region I at 663 low initial enzyme concentrations. This resilience to denaturation could explain the higher 664 activities observed for lyophilized adsorbates of s. Carlsberg at low surface coverages. The same 665 type of lines as those in Fig. 5 were used to delimit the regions of conformational stability. 666 
